Purpose The purpose of the study was to investigate changes in adiponectin system expression in granulosa cells (GCs) and high molecular weight adiponectin levels in serum and follicular fluid (FF) of 40 women with polycystic ovary syndrome (PCOS) compared to those in 40 women with normal ovary function. Methods Adiponectin (Adipo), adiponectin receptor 1 (AdipoR1), and adiponectin receptor 2 (AdipoR2) messenger RNA (mRNA) expression levels were measured using quantitative real-time polymerase chain reaction (qRT-PCR). High molecular weight (HMW) adiponectin protein concentration was evaluated by ELISA method. Data were analyzed using Student's t test and one-way ANOVA in SPSS 21 software. At oocyte retrieval, FF was aspirated and GCs were obtained from a pooled collection of FF per each patient.
Introduction
Polycystic ovary syndrome (PCOS) as one of the most prevalent endocrine-metabolic disorders affects an estimated 5-10 % of women in reproductive age [1, 2] . Over the last decade, adipose tissue was introduced as a key element in the regulation of the endocrine system which controls appetite, lipid metabolism, and endocrine functions. Adiponectin is Capsule The low expression of adiponectin and its receptors in PCOS patients could influence the oocyte quality and may lead to intrinsic oocyte abnormalities.
an important adipocytokine expressed by adipocytes [3] . It seems that the main active form of adiponectin, high molecular weight (HMW), has an insulin-sensitizing role, and circulating adiponectin concentrations are negatively correlated with body fat and tend to decrease in obesity [4, 5] . Moreover, adiponectin displays anti-inflammatory and anti-atherogenic properties. It is an insulin-sensitizer factor, and several studies have shown that high adiponectin levels may protect against the development of type 2 diabetes, metabolic syndrome, and cardiovascular disease [6] [7] [8] . Two adiponectin receptors, adiponectin receptor 1 (AdipoR1) and adiponectin receptor 2 (AdipoR2), have been identified in many reproductive tissues such as the ovaries, placenta, endometrium, and oviduct [9, 10] .
A growing body of evidence has shown that these receptors have important functions in granulosa cells (GCs). Low expression of AdipoR1 can induce apoptosis of human KGN (human ovarian granulosa-like tumor cell line) in GCs, while reduction of AdipoR2 may decrease steroid production [11, 12] .
Ledoux et al. demonstrated that adiponectin, alone or with insulin and gonadotropins, induces production of prostaglandin and vascular endothelial growth factor (VEGF) in ovarian GCs. Adiponectin modulates the expression of steroid synthetic protein [13] and interacts with insulin and luteinizing hormone (LH) in induction of GC gene expression. Recent studies suggest that the effects of adiponectin signaling and adiponectin-mediated insulin sensitivity are linked to APPL1. This adaptor protein also attributed to gonadotropin signaling by association with folliclestimulating hormone (FSH) receptor on the GCs [14, 15] . These findings indicate the remarkable interactions between gonadotropin, insulin, and adiponectin in the ovary [16] . In human preovulatory follicles, LH receptor (LHR) is also expressed in GCs and contributes to the follicular production of progesterone and estradiol [17, 18] . Follicle growth and oocyte development are closely regulated by an orderly complex series of signaling events during folliculogenesis [19, 20] . There is ample evidence that reduced insulin sensitivity plays a role in impairment of final maturation and ovulation of the follicles in PCOS ovaries. PCOS ovaries contain twice the number of growing follicles during all folliculogenesis stages [21] which suggest all stages may be disordered and there may be an intrinsic ovarian abnormality in PCOS. It remains unclear whether the resistance to atresia or arrest in the selection of follicles leads to the accumulation of multiple small antral follicles in polycystic ovaries [22] . In this study, expression of adiponectin, AdipoR1, and AdipoR2 receptors in GCs of PCOS patients were assessed in order to evaluate possible associations between the adiponectin system and gonadotropin receptors. In addition, high molecular weight (HMW) adiponectin levels in follicular fluid (FF) and serum of PCOS women and the possible influence of obesity on their expression were investigated.
Materials and methods

Subjects
This cross-sectional study was reviewed and approved by the Iran University of Medical Sciences Ethics Committee (IUMS, No 16169 on 40 PCOS women and 40 women with normal ovary function). An informed consent was obtained from each participant. PCOS women were tested and visited by a gynecologist who confirmed PCOS according to the 2003 Rotterdam criteria. At least two out of three of the following criteria were necessary for the diagnosis of PCOS: oligo ovulation and/or anovulation, an irregular menstrual cycle, clinical and/or biochemical signs of hyperandrogenism, and polycystic ovaries by transvaginal ultrasound. Patients with the following disorders were excluded: Cushing's syndrome, non-classic congenital adrenal hyperplasia, androgensecreting neoplasm, and any systemic disease that could possibly affect their reproductive physiology. The control group comprised infertile women with tubal obstruction and/or whose partners were diagnosed with male factor infertility. These women had no clinical or biochemical signs of hyperandrogenism or polycystic ovaries. Women with PCOS and controls were classified into four subgroups: obese (body mass index (BMI) ≥30) PCOS (n=20), obese control (n=20), non-obese (body mass index (BMI) <30) PCOS (n=20), and non-obese control (n=20). The mean age of the study population was 28.94±5.1 years (range 19-42 years).
Patients and controls were treated with a standard long protocol with a GnRH agonist in the mid-luteal phase of the preceding menstrual cycle. Ovarian stimulation was initiated with recombinant FSH (Gonal-F, Merck Serono, Switzerland). Transvaginal sonography scans of the ovaries and blood sampling for estradiol (E2) determinations were performed every 1-3 days. The daily dose could be adjusted based on ovarian response after 3-5 treatment days. Human chorionic gonadotropin (hCG, Choriomon, IBSA, Lugano, Switzerland) in doses of 5000-10,000 IU was administered when more than two dominant follicles reached to a diameter of 18-20 mm. Transvaginal ultrasound-guided oocyte retrieval was performed 34-36 h after hCG injection.
Collection of GCs and FF
Granulosa cells (GCs) were obtained from a pooled collection of FF per patient. Immediately after isolation of the cumulusoocyte complexes, purification was initiated. The pooled FF was centrifuged at 400g for 10 min. The supernatant was collected and stored at −80°C for the ELISA assay analysis. GC cells were washed with 5 ml of Ham's F-10 medium (Gibco, Life Technologies, Grand Island, NY, USA) and separated from the red blood cells with a 40-80 % Percoll (Amersham Biosciences, Uppsala, Sweden) density gradient.
GCs were also separated from leukocytes with MicroBeads conjugated to the monoclonal anti-human CD45 antibodies (Miltenyi Biotec, MACS, USA). Purified GCs were washed with phosphate-buffered saline (PBS) (Sigma-Aldrich Germany) and resuspended for RNA isolation [23] [24] [25] [26] [27] .
RNA isolation and cDNA synthesis
Total RNA was extracted from each GC pool using 1 ml of TRI reagent (Sigma-Aldrich, Pool, UK), according to the manufacturer's procedure. Total RNA was treated with DNase I (Fermentas, Vilnius, Lithuania) to remove genomic DNA contamination from the samples. RNA purity and concentration were evaluated by optical density measurement with a NanoDrop spectrophotometer (BioTeK, USA). Firststrand complementary DNA (cDNA) synthesis was performed using oligo-dT primers and reverse transcription by SuperScript II (Fermentas, Vilnius, Lithuania).
Primers
Primers were designed with AlleleID 6 software (Premier Bio soft Corporation, USA), and their efficacy was checked by preliminary tests on positive and negative controls. The primer sequences are shown in Table 1 .
Reverse transcription-polymerase chain reaction
Reverse transcription polymerase chain reaction (RT-PCR) was performed with the constructed cDNAs, PCR Master Mix (Fermentas, Vilnius, Lithuania), and primers (Bioneer Corporation). The amplification was run for 35 cycles under the following conditions: 95°C for 45 s, 45.8-56.8°C for 45 s, 72°C for 45 s with an initial denaturing step at 95°C for 10 min, and a final extension step at 72°C for 7 min. 18S ribosomal RNA (rRNA) was used as a positive control, and a PCR reaction without cDNA was used as a negative control. There was no difference in relative expression of 18S rRNA between the PCOS and control groups. The PCR product was visualized in a 1.2 % agarose gel and purified using an AccuPrep Gel Purification Kit (Bioneer, South Korea) sequenced in reverse (Bioneer, South Korea). The PCR product characteristics were determined using the Basic Local Alignment Search Tool (nBLAST, http://www.ncbi.nlm.nih.gov).
Quantitative real-time PCR
A quantitative real-time PCR (qRT-PCR) was performed in triplicate with the constructed cDNAs and the same primers that were used in the PCR reactions. QRT-PCR reactions were performed with a CFX96 real-time PCR detection system (BioRad, USA) in a total volume of 20 μl containing the following: 10 μl of SYBER Green (Takara, Japan), 6 μl of water, 5 pmol gene-specific primers, and 250 ng of cDNA. The cycle threshold (CT) values were normalized against the CT values of human 18S rRNA relative expression. The thermal cycle profile followed 40 cycles at 95°C for 0.05 s, 45.8-56.8°C for 30 s, and 72°C for 30 s. The specificity of the PCR fragments was determined using melting curve analysis. All melting curves were generated on a peak per each PCR product. A logarithmic dilution series of total RNA was used to achieve standard curves.
The results were analyzed by the comparative CT method [28, 29] . In brief, the difference in cycle time (ΔCT) was calculated as the difference between the number of cycles required for the amplification of the target gene and the reference housekeeping gene, r18s. Then, ΔΔCT was calculated by finding the difference between the groups. The fold change was computed as Fc=2 −ΔΔCT .
Immunoassay
Serum and follicular fluid samples from each patient were centrifuged at 300g for 10 min. The supernatant was used to determine the concentration of high molecular weight (HMW) adiponectin measured by the sandwich enzyme immunoassay ELISA based on a monoclonal antibody specific for human HMW adiponectin (R&D Systems, USA), according to the 
Results
Demographic characteristics and the basal hormonal and clinical parameters of the PCOS and control groups are summarized in Table 2 . PCOS patients and controls had a similar mean age, BMI, and duration of infertility. As with most studies, LH levels and the LH/FSH ratio were higher in PCOS patients compared to controls (p=0.001 and p=0.01, respectively). There were no significant differences between the groups for FSH basal levels and total rFSH dose received by each patient (p=0.57 and p=0.23, respectively). The mean number of oocytes retrieved in the PCOS group was significantly higher than that in the control group (p=0.04).
Reference gene expression
In order to evaluate reference gene expression in the PCOS and control groups, the CT value of housekeeping gene was determined in each sample. The reactions were performed in triplicate, and the average of three values was considered as a CT value for 18S rRNA, an index of 18S rRNA gene expression. The calculated average of CT values for 18S rRNA was 19.45± 0.02 in the PCOS and 19.44 ±0.02 in the control groups. There was no statistically significant difference in 18S RNA gene expression between the groups (p=0.9).
Expression of adiponectin, AdipoR1, AdipoR2, FSHR, and LHR in GCs
Classic RT-PCR showed the expression profiles of adiponectin and AdipoR1 and AdipoR2 in GCs of control and PCOS patients. Moreover, FSHR and LHR messenger RNA (mRNA) expression was observed in purified GCs of PCOS and control groups. Control experiments with nonreverse transcribed RNA of each sample confirmed a lack of contamination by human DNA in the samples. The identity of all amplicons was confirmed by sequencing. Alterations in adiponectin, AdipoR1, and AdipoR2 expression levels in GCs Subsequently, the relative expression of adiponectin, AdipoR1, and AdipoR2 in the GCs was measured by quantitative real-time PCR. As shown in Fig. 1 , AdipoR2 expression was lower than adiponectin and AdipoR1 expression levels. Adiponectin system expression was significantly lower in PCOS patients compared to controls (p=0.001, Fig. 1a-c) .
The adiponectin and AdipoR1 expression was almost twofold higher in GCs of control subjects compared to PCOSs. On the other hand, remarkable changes were observed in adiponectin, AdipoR1, and AdipoR2 gene expression in GCs based on BMI levels (Fig. 1d-f) . Adiponectin system expression in obese PCOS women was significantly lower (BMI ≥30 kg/ m²) than that in non-obese control women with BMI <30 kg/ m² (Fig. 1) . In addition, non-obese PCOS patients had statistically higher AdipoR2 expression levels compared to obese PCOS patients (p = 0.001). Adiponectin and AdipoR1 expression in obese PCOS subjects were also lower than those in non-obese PCOS subjects (Fig. 1) .
Correlation between adiponectin levels and its receptors and expression of FSHR and LHR in GCs
Adiponectin expression in GCs showed a positive correlation with FSHR expression (r=0.84, p=0.001) and with LHR expression (r=0.85, p=0.001). Moreover, a strong positive correlation was found between the expression of AdipoR1 and FSH receptor (r=0.8, p=0.001) and between the expression of AdipoR2 and LH receptor (r=0.87, p=0.001) (Fig. 2) .
Low levels of HMW adiponectin in the serum and FF of women with PCOS undergoing controlled ovarian hyperstimulation HMW adiponectin in serum and FF of PCOS and control groups was evaluated by ELISA technique. As shown in .3 ng/ml) compared to controls (48.47±5.9 ng/ml, p=0.02) and in the serum of the PCOS women undergoing controlled hyperstimulation (7.86 ± 1.44 ng/ml) compared to control (14.22±2.01 ng/ml, p= 0.02) women. Considering BMI groups (Fig 3c) , HMW adiponectin levels in the FF of PCOS patients with both BMI <30 and ≥30 were significantly lower than those in controls with the same BMI (p=0.04 and p=0.001, respectively), and, also, the adiponectin levels in the serum samples of PCOS patients with BMI <30 and ≥30 were significantly lower than those in controls with BMI <30 and BMI ≥30 (Fig. 3d , in both p=0.04). Compared to the HMW adiponectin levels in FF, the HMW adiponectin levels in the serum were significantly higher in the PCOS (p=0.007) and control groups (p=0.002). Considering all subjects with and without PCOS undergoing controlled ovarian hyperstimulation, there was a strong positive correlation between the HMW adiponectin levels in serum and FF samples (r=0.81, p=0.001).
Discussion
Adiponectin has been extensively accepted as a main modulator of insulin sensitivity and metabolism [30] [31] [32] , while physiological regulation and the role of adiponectin receptors, AdipoR1 and AdipoR2, and glucose intolerance in PCOS remain unresolved. This study showed a lower expression of adiponectin and its receptors in GCs of PCOS women compared to the normovulatory women undergoing IVF which seems to be an important manifestation in gonadotropinstimulated PCOS women. Carmina et al. also demonstrated a lower level of adiponectin and HMW adiponectin in patients with PCOS compared to weight-matched controls [33] [34] [35] . However, some studies have not confirmed this finding [36] [37] [38] [39] . Arriving at a definite answer as to whether adiponectin levels are lower (as expected), higher, or the same in the women with PCOS compared to the women with normal ovary function provides useful information regarding the pathogenesis and prognosis of PCOS. The results of the present study showed a detectable level of adiponectin expression in human GCs. Previous studies indicated very low levels or undetectable levels of adiponectin in mouse or human GCs which could be due to the different methodology or distinct demographic characteristics of study population. [11, 40] . According to a number of reports, adiponectin and its receptors AdipoR1 and AdipoR2 can be expressed in the ovarian cells [7, 41, 42] . Some researches have shown that adiponectin can modulate GC steroid genesis [13, 41] and the expression of genes associated with ovulation in both humans and animals [13, 43] . In the present study, AdipoR2 mRNA expression in GCs was significantly lower than AdipoR1 mRNA expression. Several studies suggest different roles for AdipoR1 and AdipoR2 in human in GCs [12, 44] . Reduction in AdipoR1 led to the apoptosis of human KGN GCs, whereas reduction in AdipoR2 decreases steroid synthesis [43, 45] . However, the mechanisms by which adiponectin modulates fertility and whether the disruption of AdipoR1/R2 causes any changes in ovarian function have not been addressed. Based on our finding, the obese women exhibit a reduced adiponectin receptor mRNA expression compared to non-obese control women. Adiponectin system expression was known to be inversely related to BMI in both PCOS and control women. Madsen et al. showed that weight loss should exceed 10 % in order to induce significant improvement in adiponectin [46] . However, our results which paralleled other investigations showed that increased BMI in PCOS women is associated with hypoadiponectinemia [47] [48] [49] . In line with our findings, García et al. in 2015 demonstrated that obese PCOS women have a significantly lower adiponectin serum levels compared to control women with obesity. Moreover, they showed a twofold higher AdipoR1 protein and gene expression in the obese group compared to obese PCOS. On the other hand, AdipoR2 protein and mRNA expression were similar in both groups. Indeed, adiponectin is downregulated by increased adipose tissue in obesity [36, 50] . It has been reported that low adiponectin levels are associated with progression towards type 2 diabetes mellitus [51, 52] and the possibility of increased risk for cardiovascular disease in women [53] . Moreover, both type 2 diabetes and cardiovascular disease are considered to be the major long-term health risks for women with PCOS [54] . Given the fact that low adiponectin levels could serve as a predictor to progression to type 2 diabetes and cardiovascular disease in women, it is reasonable to hypothesize that the adiponectin levels in PCOS may help recognize high-risk PCOS patients or possibly carry out an early treatment initiation. According to the current study results, there was no room for causality to be established and further investigation should be undertaken to confirm causality between the adiponectin system and expression of specific genes in GCs of IVF patients. This study revealed a strong positive correlation between FSHR and LHR mRNA expression levels and adiponectin receptors. FSH stimulates follicular development via FSHR activation and induces GC proliferation, which play a crucial role in the selection of dominant follicle along with the expression levels of FSHR. It seems that these findings did not confirm the functional link between adiponectin system expression and FSHR expression; however, the findings greatly could suggest coordinate regulation of these genes. Meanwhile, functional links between the FSHR pathway, the adiponectin/ AdipoR1/R2 pathways, and insulin receptor were observed in GCs, which suggest similar mechanisms might be involved in GCs [43] . Collectively, these results suggest that a decrease in cellular adiponectin system may alter the gonadotropin activities or vice versa. The relationship between LH signaling pathway and PCOS is still unknown. Beside the two-cell-two-gonadotropin theory, LH plays a critical role in folliculogenesis. Chen et al. demonstrated a strong association between PCOS and the LHR gene loci, and PCOS had a lower frequency of the LHR18inslq genotype compared to controls (24.9 vs. 0.28 %). Other studies, however, find contrasting results: significantly higher LHR [55, 56] and FSHR mRNA levels in PCOS compared to controls in GCs from both small and large follicles [57] . Several explanations for the alleged disparity in these findings can be hypothesized. Differences in the demographic features of the study populations (specifically ethnicity, different PCOS criteria, and phenotype), different clinical characteristics, and assisted reproductive technology (ART) may contribute to this disparity. In the present study, AdipoR2 expression was significantly associated with LH receptor. Indeed, AdipoR2 basal protein level is low and it will be upregulated in human GCs via activation of the PKA/cAMP pathway [58] . Moreover, significant positive correlation was observed between the low HMW adiponectin levels in the serum of women undergoing IVF and intrafollicular HMW adiponectin levels. Our findings support previous reports in humans proposing that decreased HMW adiponectin in the FF is associated with an increased number of follicles in normovulatory and PCOS [59] .
Conclusions
In summary, PCOS women have a lower expression of adiponectin and its receptors in GCs compared to the normovulatory women undergoing IVF. This reduction may affect the follicular development and the selection of dominant follicle. Significantly low levels of HMW multimer form of adiponectin in FF and serum of PCOS women as a useful marker also could be implicated in the pathogenesis of ovulatory dysfunction. Moreover, reduction in gonadotropin and steroid receptors in GCs of PCOS women could provide further evidence of granulosa cell dysfunction in these patients. However, further investigations are required to determine the mechanisms of the potential contributions of alterations in the adiponectin system on ovulatory dysfunction in PCOS women.
